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Introduction
Archaeological evidence indicates that during the Late Pleistocene-Holocene, humans occupied Northern Mexico and the Southern USA in a cultural area known today as Aridamerica. This area was inhabited by the nomadic Coahuiltecas groups, which the Mexicas from Mesoamerica called 'The Land of Dogs people' (Braniff-Cornejo, 2004 ), because they were considered to be less civilised groups. The Coahuiltecas remained nomads until the period when the first Spaniards arrived in Coahuila, maintaining cultural traditions associated with the Archaic Period that were abandoned thousands of years earlier in other areas in the Americas.
The Coahuiltecas of the Cuatrociénegas Basin (CCB) are known to have been nomadic hunter-gatherers during the late Pleistocene, and into the Holocene. Caves and rock shelters in the mountains surrounding the CCB were used as habitation, ceremonial or mortuary sites, some with important rock art evidence (petroglyphs and cave paintings) (Badino et al. 2004) , and well-stratified archaeological deposits (Palmer, 1882; Taylor, 1956 Taylor, , 1964 Taylor, , 1966 Taylor, , 1968 Taylor, , 2003 . Frightful Cave (Fig. 1 ), discovered and excavated by Walter W. Taylor in the 1940s (Taylor, 2003; Turpin, 2003) , is the most extensively studied cave in the region with roughly 50% of the cave floor excavated producing hundreds of sandals, stone points, vegetal fibre artefacts and human hair.
*Figure 1*
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The chronology of the arrival of humans in the Americas remains controversial due to the paucity of directly dated human fossils (Gonzalez et al. 2003) and the reliance in some instances upon the dating of non-anthropogenic material thought to be coeval with human presence (e.g. Valladas et al. 2003) . Human footprints, although uncommon in the archaeological record, provide direct evidence of human presence and when preserved in fast forming tufa sediments have the potential for being accurately dated using U-series techniques. Here we report new U-series dates from human footprints in tufas found in the Cuatrocienegas Basin (CCB), in the state of Coahuila in the southern part of the Chihuahuan Desert, Mexico, and discuss the archaeological significance of the presence of humans in this region of Mexico. This desert ecosystem is unique due to the constant presence of water from the hydrothermal pools and rivers that produced a wide range of flora and fauna in the basin that make it highly suitable for human occupation.
Archaeological context
Cultural stages
Three major cultural stages, or complexes, have been proposed for the CoahuiltecasCienegas, Coahuila and Jora/Mayran. Vegetal remains (sandals, baskets, nets and mats) provided 45 radiocarbon dates used to develop a Cuatrociénegas chronology (Taylor, 2003) .
However, of the 45 radiocarbon dates obtained from the Frightful cave material, only four were directly on human remains, the oldest being human faeces (coprolites) dated to ~9 cal ka BP (Taylor, 2003) . All radiocarbon dates on archaeological material presented in the literature have previously been published as radiocarbon years before present (where present is 1950) and were used to establish an archaeological sequence for the CCB (Taylor, 1956 (Taylor, , 1966 (Taylor, , 2003 . For comparison with U-series results these dates have been calibrated to calendar years BP using the CALIB 6.0.1 program and INTCAL09 calibration curve (Reimer et al. 2009 ).
The chronology of these complexes is however somewhat problematic as several radiocarbon dates throughout the cave stratigraphy are out sequence (Browman, 2003) . Although stratigraphically continuous, the lack of chronological integrity in the Frightful cave deposit suggests some degree of disturbance, the nature of which is unclear (e.g. re-use of old artefacts by subsequent occupants or disturbance by animals) (Browman, 2003) . With this in mind the three cultural complexes have been broadly categorised and assigned dates of ~10.4 to ~8 cal ka BP for the Ciénegas Complex; ~8 to ~5 cal ka BP for the Coahuila Complex; and ~5 to ~1.5 cal ka BP for the Jora/Mayran Complex (Browman, 2003) . It is 4 suggested that the three complexes share one common cultural tradition that became modified throughout the course of the Holocene (Taylor, 1956 (Taylor, , 1966 (Taylor, , 2003 Browman, 2003) , and though somewhat ambiguous, these age ranges are broadly representative of the different stages of cultural development in the CCB.
The major cultural stages have been defined as: (Gilmore, 1947) . The animal species present within this complex are interpreted as reflecting a cooler, wetter climate than today.
2. Coahuila Complex (-10.6 ± 1.1 cal ka BP to -1.8 ± 0.5 cal ka BP, adjusted to -8 to -5 cal ka BP) -though stratigraphically disturbed, this is the most extensively studied complex. Within this complex, the use of seed and nut grindstones and the presence of chewed vegetal fibres ('quids') is suggested to reflect a shift to more harsh, arid conditions where collection and storage of foods including cacti was necessary (Taylor, 1966) . A common cultural tradition throughout the three cultural complexes described above, was based on the premise of a constant supply of water in the basin, and Taylor (1964) suggested the hypotheses of 'tethered nomadism' and 'water territoriality'. Here exploitation of different resources was undertaken radially from a water source, which resulted in reduced cycles of nomadism and the need to regularly return to the initial water source, effectively tethering the Coahuiltecas to the CCB. Taylor also suggested that a type of social control may have been in place on water sources, particularly, if as suggested, the environment became increasingly more arid.
The Cuatro Ciénegas human footprints
During the construction of the Mex-30 highway between the towns of Cuatro Ciénegas and Torreón (Coahuila State), two well preserved human footprints preserved in tufa deposits 5 were discovered in the CCB, near the NW end of the Sierra San Marcos y Pinos (Fig. 1) . The footprints were removed and placed in the Museo Regional de La Laguna in Torreón, Coahuila. Since 1999, they have been on permanent exhibition in the Museo del Desierto, in Saltillo ). The approximate location of these footprints was described by local people and this information led to a search of the region for additional prints, culminating in the discovery in 2006 of a new in situ human footprint trackway preserved in tufa, documented by Gonzalez et al. (2007 Gonzalez et al. ( , 2009 ).
The two Museum del Desierto footprint specimens (right and left foot) show clearly visible narrow ridges (mud rims) within the toe impressions and between the posterior margins of the impressions made by the toe and ball of the foot (Fig. 2) indicating that a soft surface sediment layer was present when the print was made. 102˚09.117) in the central marsh (ciénega) area (Fig. 1) , and is associated with a fossil spring mound complex and a small pool.
Five well preserved footprints were observed in the tufa surface at the Tierra Blanca quarry, whilst six were less well preserved, having been either partially or completely eroded away.
Due to the fragility of the tufa surface and the fact that they were undergoing active erosion it was decided to apply a non-destructive 3D laser scanning technique to the in situ trackway (Fig. 3) to record detailed anatomical information of these ephemeral and endangered human prints (Bennett et al. 2009 ). Gonzalez et al. (2007 Gonzalez et al. ( , 2009 
Climate
The CCB today has a semi-arid desert climate with annual rainfall of <200 mm and potential evaporation of >2000 mm (Badino et al. 2004) . The bulk of the mean annual precipitation (~60%) is provided by the North American Monsoon (NAM) and falls between July and September due to eastward flow of low-and mid-level moisture advected from the Gulf of Mexico (GoM) (Mitchell et al. 2002) . Temperatures can range from 0°C -25°C in winter and +10°C to +45°C in summer with diurnal variations of up to 30°C (Badino et al. 2004 ).
Flora and fauna
The vegetation type of the CCB is classified as Chihuahuan desert scrub, following
Merriam's Lower Sonoran Life-zone (Baker, 1956; Minckley, 1969) 
Hydrogeology
The hydrogeological conditions of the CCB create a unique desert ecosystem through a series of over 200 groundwater-fed pools (pozas), springs/seeps, lakes (lagunas) and rivers. These 7 pools, springs and lakes result in the active deposition of calcium carbonate at several locations in the CCB (Badino et al. 2004; Wolaver et al. 2013) .
Today, about 85% of the water originates in a deep regional aquifer known as the CupidoAurora aquifer (C-AA), with a catchment area of 91,000 km 2 (Wolaver et al, 2008 (Wolaver et al, , 2013 , with the other ~15% recharging in the surrounding limestone karst system (Piccini et al. 2007; Wolaver et al.2008) . Evaporative through-flow systems, fed predominantly from the C-AA to the west of the basin, link these differing types of water body through ciénega (marsh) systems and sub-surface channels.
CDIC values of the surface waters are between -9.2% and -21.6% (VPDB) (Felstead, 2012) , thought to be mainly due to a high contribution of C4 and aquatic plant organic carbon (Andrews et al. 1993; and some dissolution of carbonate from the surrounding Cretaceous limestone (ö 13 C +2 to +4.5%, Bralower et al. 1999) . ö 18 O values of modern surface waters are between -7.99% and +4.97%, with these end values representing waters issuing directly from meteoric sources and endorheic pools respectively (Felstead, 2012) .
However, the majority of pools display ö 18 O values between -6.92% and -5.67% in the main through-flow system and ciénega. The most negative values represent waters issuing directly from the C-AA, before gradual evaporative enrichment as waters mix through the complex surface and sub-surface flow patterns of the CCB (Felstead, 2012) .
Methods and results
For this study a 2 cm thick slice was taken along the left human footprint block on display at the Museo del Desierto ( U-series dating of the Tierra Blanca quarry in situ trackway sediment samples was performed at NIGL. Tufas were sampled with a Dremel tool using a diamond-encrusted dental bit. Aliquots of tufa were extracted from the upper surface of three samples, with further subsamples taken to depth profile one of the tufa samples (Fig. 4b) . As the NIGL U-series analytical methods have not been described elsewhere they are briefly summarized here. Powdered tufa samples were dissolved in ultrapure HNO3 and spiked with a 229 U tracer that was calibrated against gravimetric solutions prepared from high purity U and Th metal pieces. U and Th were preconcentrated by Fe co-precipitation following Edwards et al. (1988) . U-Th ion exchange separation using TRU and UTEVA resins followed Potter et al. (2005) . U isotope ratios were measured on a Triton thermal ionization mass spectrometer (TIMS Th/ 232 Th activity indistinguishable from the bulk earth value of 0.8 ± 0.4 (2σ). This value was used to correct for detrital contamination. The error weighted mean of detrital Thcorrected U-series dates from the uppermost layer yield an age of 10.55 ± 0.03 ka) and for the lowest layer we obtain an age of 10.66 ± 0.04 ka. These results are in stratigraphic order indicating that the results are robust and the 2 cm thick tufa section formed rapidly. The detrital corrected result for sub-sample i (10.59 ± 0.07 ka) represents a mixed age of bottom and top section. The date of formation of the uppermost layer at 10.55 ± 0.03 ka is the most relevant to the time when the impressions in the tufa were made and is taken to therefore effectively represent the date of the Museo del Desierto human footprints.
The top surface of the Tierra Blanca Quarry tufas, representative of the material that the in situ trackway is preserved within, is dated at 7.24 ± 0.13 ka based on an average of the two top surface ages for 036521-7-4 and 036521-5. The depth profiling data for tufa samples 10 036521-7-1, 036521-7-2 and 036521-7-3 shows that age systematically increases with depth, with a 7.89 ± 0.12 ka near-surface porous layer, an intermediate porous layer at 7.97 ± 0.13 ka, and lowermost layer at 8.46 ± 0.12 ka respectively (Fig. 4b) reported as per mil (%) relative to the VPDB scale using a within-run laboratory standard calibrated against NBS standards.
*Figure 5*
The stable isotope data (Fig. 5) show that ö 13 C remains relatively constant throughout the section with the highest value of -0.4% occurring at three depths: 27 cm, 24 cm and 5 cm.
The lowest value of -1.1% occurs at 25 cm (mean -0.6%, n=10). ö 18 O decreases from -2.9%
to -6.2% from 32 cm to 0 cm (mean -3.9%, n=10), with a 2% shift occurring between 5 cm and 0 cm (footprint layer tufa) and is the largest ö 18 O shift in the sequence.
Two samples from the pit were taken for pollen analysis and described here as TB-1 (0 cm) and TB-5 (5 cm). These samples (20-50 cm 3 ) were pulverized in a mortar and pestle and Lycopodium tables (spores = 13,911) added prior to dissolution. Samples were then dissolved 11 in 1,000-2,500 ml of 20% HCl for 48 hours prior to a light (3 min) H2SO4-based hot acetolysis controlled by glacial acetic acid. No KOH was employed as no humus was present. Where gypsum was detected it was dissolved in a hot 0.2 M EDTA salt solution.
Care was taken to minimize potential adverse effects on pollen exines resulting from high pH solutions. No HF was employed, as almost all non-organics were removed via EDTA (sulphates). After cleaning and ETOH-based dehydration, samples were dyed in a safranine and alcohol solution and finally mounted in silicone oil for light microscopy. shows a change towards the top of the Tierra Blanca tufa sequence from TB-5 to TB-1 (5 cm to surface). Regional upland taxa -Pinus and Quercus -increase from 20 to 254 grains/cm 3 and 13 to 22 grains/cm 3 respectively whereas grasses (Poaceae) are seen to decrease from 17 to 6 grains/cm 3 . The CCB floor taxa such as Poaceae and Cheno-Ams can be misleading however, as observed by Meyer, (1973) and Minckley and Jackson, (2008) , where abundances can indicate local pollen rain rather than regional vegetation types.
Discussion
Early human occupation in Mexico
The Cuatrociénegas footprint ages represent the oldest directly dated human footprints in Mexico and show that human activity in the CCB began at least 10.5 ka, and there is then human presence at 7.2 ka. The former are comparable to some of the oldest directly dated humans from Central Mexico (e.g. 10.7 ± 0.07 ka BP Peñon Woman III found in Mexico City; Gonzalez et al. 2003 ) and 9-11 ka BP skeletons from the flooded caves of the Yucatan Peninsula (Gonzalez et al. 2006 ).
Very few sites with unambiguous human footprint evidence have been documented from the Americas. The oldest isolated human footprint is dated at ~14 cal ka BP from the Monte Verde II site in Chile (Dillehay et al. 2008) , while well documented and dated human tracks from Managua (Nicaragua) Schminke et al. 2010a, b) , California and Monte Hermoso in Argentina (Aramayo, 2009) from Valsequillo have generated a debate (see the discussion in Gonzalez et al. 2006; Huddart et al. 2008; Renne et al. 2005) but are now recognised as being created by quarrying marks modified by natural weathering and sheet flow erosion (Mark et al. 2010; Morse et al. 2010) .
NE Mexico: Cuatrociénegas
The oldest previously reported human fossil evidence from the CCB is 8.9 ± 0.8 cal ka BP on a fossil coprolite from Frightful cave (Taylor, 2003) . Although the cave deposit is well stratified, the Frightful cave chronology is largely based on vegetal fragments that are possibly not associated with human occupation. With the oldest dates from the Ciénegas and Coahuila complexes being 9.9 ± 0.9 cal ka BP and 10.4 ± 0.2 cal ka BP respectively, from fragments of cut wood, the chronology developed by Taylor (1956 Taylor ( , 1966 Taylor ( , 2003 can be ambiguously interpreted (see Introduction). The footprint horizon at 10.55 ± 0.03 ka (this study) is the oldest archaeological evidence of human presence in the CCB to date and evidence such as this removes some of the previous ambiguity, confirming the presence of humans in the basin during the early Holocene.
Palaeoenvironment
The tufa has relatively constant and high δ 13 C values between ─1.1% and ─0.4% throughout the sequence analysed (Fig. 5) . In contrast, the range of modern dissolved inorganic carbon δ 13 CDIC values (-21.6% to -9.2%) from the CCB suggests modern tufa depositing waters have varying proportions of organic versus inorganic carbon sources in comparison to the early Holocene tufas (Andrews et al. 1993 (Andrews et al. , 1997 . Especially important might have been the degassing and equilibration with atmospheric CO2 as this process leads to high δ 13 C in tufas especially as the spring mound structure and associated tufa dams suggest higher energy, turbulent waters where equilibration may be enhanced (e.g. Pedley et al. 2003) . Wolaver et al. (2013) have shown that up to ~30% of the carbon in the C-AA waters is sourced through dissolution of the aquifer limestone, with high δ 13 C values for the Cretaceous limestones surrounding the CCB (+2 to +4.5%) (Bralower et al. 1999) . The low δ 13 C of modern water TDIC suggests that the CCB is not the only/main (current) source of C, and suggests mixing 13 between the C-AA and an additional, localised karst aquifer with low ö 13 C, or soil derived carbon.
The oxygen isotope (ö 18 O) composition of tufa is dependent on surrounding hydrological conditions and largely reflects the ö 18 O composition of the meteoric source water (Andrews et al. 1997 ) and subsequent evaporation (Rank et al. 1992; Carrillo-Rivera, 1993) . The Tierra Blanca trackway is located on top of a fossil tufa spring mound and would have required a constant hydrostatic head pressure (Pentecost, 2005) . The head pressure likely came from precipitation in the high peaks surrounding the CCB and not directly in the basin. (Felstead, 2012; Johannesson et al. 2004 ).
Therefore, differences in Tierra Blanca tufa ö 18 O are likely to be the result of differences in evaporation, the lower part of the tufa forming under more arid conditions than the upper most sample, suggesting an increase in humidity (Fig. 5) . Published lake records in the Chihuahuan region of northern Mexico (Castiglia and Fawcett, 2006; Metcalfe et al. 1997) report conditions wetter than the present existed up to ~7 ka, despite post-glacial warming and aridification of northern Mexico, with periods wet enough to support pluvial lake formation ~8.5 to ~8 ka and ~7 to ~6 ka. Stronger NAM conditions have been suggested as a contributing factor of these wetter conditions. Barron et al. (2012) suggest warming of Gulf of California (GoC) SSTs between 8 and 6.2 ka may have caused low-level moisture surges, strengthening summer NAM circulation, consequently causing greater advection of moisture from the GoM. Increased summer precipitation over the northern Mexico region, which recharges the regional C-AA, during this time period may explain the deposition of the footprint bearing tufa spring mound ~8.5 to ~7 ka, in an otherwise drying region.
Pollen and midden records
Van Devender and Burgess (1985) and Van Devender (1990) report that late-glacial piñon-juniper woodland began to withdraw from the uplands around the CCB ~14.5 ka, being 14 replaced by Chihuahuan desert scrub and succulents without the woodland elements.
Conditions of more effective moisture apparently persisted into the early Holocene and the remains of small mammals suggest that spring marshes were present into the mid-Holocene in the basins of the southern Chihuahuan desert. Pollen data from this study indicate the presence of specific vegetation types ~8.5 to ~7 ka. Pinus values, which approximate 50% in sample TB-1 and only 8% in sample TB-5, rise toward the surface of the Tierra Blanca tufa sequence. It is assumed that a major event such as an extensive fire, or a sustained period of drier climate (or both) suppressed Pinus values in the latter sample. Gonzalez et al. (2009) report large amounts of charcoal at 9-15 cm depth in their tufa stratigraphy, just before the suppressed Pinus values, perhaps indicating burning by humans, although charcoal is not observed in our stratigraphy (Fig. 5 ).
With increased water availability from the C-AA and high (>3000 m a.s.l) surrounding mountains, it is likely that CCB would have become a desert refugium until ~ 7 ka when drier conditions prevailed. Hickory/pecan (Carya) and willow (Salix sp.) pollen is present in the footprint tufa TB-1 at Tierra Blanca, although in low numbers of 5 and 4 grains respectively.
This supports increased water availability, as these are temperate, deciduous species that will have grown at the side of the pools in the CCB. Pecan and willow species are currently present in very sheltered, moist canyons of Coahuila (Badino et al. 2004; Minckley, 1969; Taylor, 2003) . Their presence ~7.2 ka as basin floor taxa is certainly indicative that much wetter or more humid conditions than today prevailed in the CCB at this time, corroborating stronger NAM circulation.
Summary: Human dispersion and activity of hunter-gatherers
The footprint age of 10.5 ka of the Museo del Desierto specimens extends the boundary of the Ciénegas complex by ~500 a and confirms the presence of humans in the CCB ~1.5 ka earlier than previous published dates. Faunal remains from Frightful cave (Gilmore, 1947; Taylor, 2003) corroborate regional climate and environmental data (Meyer, 1973; Van Devender and Burgess, 1985; Van Devender, 1990) indicating the CCB was most likely cooler and wetter than today at the time the footprints formed. This is consistent with the previous environmental interpretation of the Ciénegas complex given in the Introduction. (Badino et al. 2004; Bryant, 1975; Taylor, 1966 Taylor, , 2003 . The presence of this pollen in the footprint tufa suggests hunting-gathering activities may have occurred at this time of year, along with cave occupation -as coprolites from Frightful cave show the presence of Opuntia pollen in the Ciénegas complex (~9 to ~7 cal ka BP) along with a variety of other fruits, leaves, bulbs and seeds (Bryant, 1975) . The presence of grindstones (Taylor, 1966) found in the same cave site indicates the activity of grinding seeds and nuts (Carya and Pinus) of which there would have been both local and regional supply (Bryant, 1975 (Bryant, , 1977 .
Conclusions
The CCB has had at least two periods of human occupation in the early Holocene with two sets of footprints preserved in tufa dated to 10.55 ± 0.03 ka and 7.24 ± 0.13 ka. The former, Museo del Desierto specimens, represent the oldest directly dated human footprints in Mexico. The dating results suggest that the Tierra Blanca Quarry in situ footprint tracks and the Museo del Desierto footprints originate from different locations. We put the Tierra Blanca Quarry footprints into some palaeoenvironmental context with the stable isotope and pollen data. The fossil-spring tufa deposition episodes of the two footprint horizons at 10.5 ka and ~8 to~7 ka does suggest fault controlled spring activity during much wetter, early/midHolocene pluvial phases in the Chihuahuan desert. Our results indicate that periods of increased effective moisture in the early/mid-Holocene Chihuahuan desert region, possibly due to stronger NAM circulation, recharged the C-AA, allowing the deposition of a tufa spring mounds during continued post-glacial aridification, possibly allowing an area of refuge for late glacial vegetation to develop. As the ancient nomadic hunter-gatherers needed to adapt to the increasingly hostile desert conditions that subsequently developed through the Holocene, they expanded their ability to find resources, leading to longer cycles of nomadism and possibly the expansion of their unique desert culture right into the 18 th Century when they finally become extinct after the arrival of the Europeans. Th] ac t. = 0.8 ± 0.4 (2σ).
